Abstract-We report an optofluidics-based variable optical attenuator (VOA) employing a tapered side-polished single-mode optical fiber attached to an electrowetting-on-dielectric (EWOD) platform. The side polishing of the fiber cladding gives access to the evanescent field of the guided mode, while the EWOD platform electrically controls the stepwise translation of a liquid droplet along the variable thickness polished cladding of the fiber. The penetration of the evanescent field into the droplet leads to tunneling of optical power from the fiber core to the droplet, from where it is radiatively lost. As a result of the variable cladding thickness, the position of the droplet along the length of the polished fiber determines the degree of penetration of the evanescent field into the droplet. The droplet position can be electrically changed; thus, controlling the optical power loss from the fiber. This approach has been used to demonstrate an optofluidic continuous-fiber VOA typically providing up to 26 dB of broadband attenuation in the 1550-nm transmission window, with a wavelength dependent loss less than 1.1 dB. In this paper, we present the theoretical modeling and experimental characterization of the system, discussing the influence of the design parameters on the performance of this VOA.
I. INTRODUCTION
T HE adoption of single-mode optical fiber devices in optical fiber telecommunication networks and optical fiber measurement and sensing systems, together with the continuous drive for miniaturization of optical components motivates researchers to examine new approaches for manipulating optical signals. Optical fiber based variable optical attenuators (VOAs) are required for regulating optical power in optical fiber communication networks, optical fiber test and measurement equipment, and optical fiber sensors. In optical communications the VOA is used to dynamically control the optical power level from light sources, the gain equalization of amplifiers, and manage the optical power in receiver front-ends to avoid overload. In the field of optical test and measurement, VOAs are used to evaluate photoreceivers for dynamic range and linearity, and for Manuscript received October 2, 2014; revised December 10, 2014; accepted December 11, 2014 . Date of publication December 18, 2014 ; date of current version January 23, 2015 .
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avoiding saturation of optical detectors during optical sensitivity measurements. A desirable VOA attenuation range is at least 20 dB optical attenuation, broadband optical operation around 40 nm and wavelength dependent loss (WDL) around 1 dB. Through the 1990s researchers took advantage of microelectro-mechanical systems (MEMS) technologies and applied these to create miniaturized optical fiber VOAs such as moving fiber [1] , [2] , shutter [3] - [5] and mirror types [6] - [8] . Although MEMS VOAs are well-known, these devices can have reliability issues associated with the usage of moving micromechanical mechanisms [9] . More recently, optofluidics technologies, which combine micro-photonics/micro-optics with microfluidics on a common physical platform, have been applied to yield a range of miniaturized optical devices with applications in optical sensing and imaging [10] - [12] as well as in optical communications [13] . Optofluidics offers the advantages of enabling miniaturization and optical device integration, and of yielding low-power-consumption devices using low-cost production techniques. To date, there have been relatively few fiber optic VOAs presented using optofluidics. Of those devices reported, different methods have been employed to actuate the fluidic VOA.
Liou and Yu [14] applied optical tuning to a photonic crystal fiber (PCF) impregnated with a photosensitive liquid crystal. The irradiation time of an external blue laser was used to give a variable optical attenuation up to 26 dB for a 4 s duration irradiation. Martincek and Pudis [15] also used a liquid-filled (liquid refractive index close to that of the fiber cladding) 3 mm length hollow core silica fiber, but used thermal tuning via a 2 mW laser beam focused onto a tapered region of the fiber. Due to the difference in temperature coefficients of refractive index of the silica fiber and the liquid within the core, changes in temperature resulted in the guidance conditions of the fiber not being satisfied and thus a variable attenuation up to 60 dB was demonstrated. Konstantaki et al. [16] employed a magnetic liquid (ferrofluid) and used actuation via a magnetic field to translate the ferrofluid along the external surface of a long period grating (LPG) fiber, thereby producing narrowband optical attenuation of 6.5 dB at a center wavelength of 1587 nm. The most common method for fluid actuation in optofluidic applications has relied on the use of electric fields. For example, Mathews et al. [17] applied a variable voltage of up to 310 V pp perpendicularly to a PCF filled with a nematic liquid crystal to achieve up to 40 dB attenuation through the change in photonic bandgap transmission of the fiber. Similarly, Gu et al. [18] employed a liquid crystal as an overlay material to a sidepolished fiber so that the fluid was in contact with the optical evanescent field of the fiber. Application of a variable voltage changed the orientation of the liquid crystal molecules (and thus the fluid refractive index) causing variable optical loss from the fiber with an attenuation up to 25 dB.
The phenomenon of electrowetting, applied in free-space optics for obtaining adaptive lenses [19] , has also been applied in guided-wave optics for the demonstration of fiber optic VOAs. Müller et al. [20] demonstrated a bistable optical attenuator with a single attenuation up to 47 dB using electrowetting induced displacements of fluid interfaces to switch between water and opaque oils situated between two GRIN-lensed optical fibers. Similarly, Reza and Riza [21] used a commercial variable focus liquid lens (Varioptic, France) positioned between two lensed fibers. Their electrowetting actuated variable attenuator produced a dynamic range up to 40 dB. In terms of a continuous-fiber VOA actuated by electrowetting, this has been demonstrated by Hsieh et al. [22] who used a photorefractive fiber with a LPG. This LPG fiber was inserted in a channel and surrounded by a movable plug of an aqueous solution of sodium dichromate as a high-index fluid. As well as this fluid being toxic, the device was narrowband with a full width at half maximum of 10 nm around 1538 nm and a dynamic attenuation range of 20 dB. However, by subsequently engineering the refractive index characteristics of the LPG, the attenuation of 20 dB could be extended to a 40 nm bandwidth [23] .
Recently, we have reported the initial modeling and experimental characteristics of a novel, continuous sidepolished single-mode fiber based optofluidic VOA actuated by electrowetting-on-dielectric (EWOD) and using non-toxic fluids [24] . In contrast to some of the fiber VOAs described above, our VOA used a non-photorefractive fiber, (i.e., standard, off-theshelf single mode optical fiber), and achieved broadband optical attenuation (40 nm bandwidth) with an optical attenuation range up to 26 dB. Moreover, our approach used a single, continuous optical fiber, thereby not having any fiber-gaps, nor using GRIN lenses or fiber lenses needed for accurate and constant alignment between fibers. Fiber-gaps create unwanted optical reflections, while using GRIN lenses or fiber lenses generates extra component cost and higher production cost due to the time-consuming alignment steps needed. Here, we provide a detailed account of the design, fabrication and operational characteristics of the device so that the key design parameters may be identified to allow the device performance to be tailored to particular requirements. Section II describes the fiber VOA design and operation, including aspects of liquid droplet translation using EWOD. Section III develops and applies the theory governing the optical behavior of the device while Section IV presents the experimental measurements obtained from the fiber VOA. Finally, Section V presents a summary and conclusions.
II. DEVICE DESCRIPTION AND OPERATION

A. Overview
The proposed fiber optic broadband VOA consists of a sidepolished single mode fiber positioned on a EWOD platform on which is also resting a fluid droplet, Fig. 1(a) . The fiber is positioned on the EWOD platform with the polished cladding region orientated perpendicular to the platform surface. The side-polished fiber is characterized by the profile of the polished cladding region. When the polished cladding thickness reduces to a few microns, the optical evanescent field of the fiber can be accessed externally. This occurs over a total length of around 8-10 mm along the polished fiber axis. This is referred to as the "active" length of the polished fiber. The remaining polished region of the fiber, where the cladding thickness is greater than a few microns, does not significantly impact on the device behavior. The fluid used (a solution of glycerine and water) is in the form of a droplet whose refractive index is selected for optimal performance of this specific device (i.e., the refractive index is chosen to be close to the index of the fiber core). As the droplet is translated along the "active" polished region of the fiber cladding by the EWOD platform, the droplet-to-core separation is varied and the optical evanescent field increasingly penetrates the droplet, thereby allowing variable optical power loss from the fiber to be achieved, Fig. 1(b) .
B. EWOD Platform Fabrication
The EWOD platform consists of a linear pattern of zigzag shaped aluminum microelectrodes of either 400, 600 or 1000 μm width, with a 70 μm gap between adjacent electrodes. The platform ( Fig. 2(a) ) was fabricated using standard photolithography techniques ( Fig. 2(b) ). The process started by spinning a resist layer (AZ4562, MicroChemicals GmbH-2000 r/min, 30 s) on a glass microscope slide. The resist was exposed through a photomask (JD Photo-Tools, U.K.) to UV light and was developed in AZ400K developer (MicroChemicals GmbH). A layer of aluminum (300 nm) was thermally evaporated onto the glass slide and the remaining sacrificial resist was then removed by immersion in acetone for several minutes to obtain the desired aluminum electrodes pattern. Subsequently, a 1.5 μm layer of AZ4562 (diluted with methoxy propyl acetate solvent in ratio 5:2) was spun on the slide at 5000 r/min for 30 s. Finally, a 0.1 μm hydrophobic layer of Teflon AF was spun on the resist layer at 1000 r/min for 1 min and baked at 160°C for 10 min.
C. Fabrication of Side-Polished Fiber
Side-polished single mode fibers (SMF-28, Corning Inc.) were fabricated in-house using a 150 mm diameter polishing wheel (Silverline Tools Ltd., U.K.) operating at around 100 r/min in conjunction with 9 μm aluminum oxide and 0.5 μm cerium oxide powders in water to give a polished region of approximately 20 mm total length. The optical power transmitted through the fiber was continuously monitored during polishing and the fiber cladding thickness was gradually decreased until the optical transmission changed, indicating that the evanescent field could be accessed externally. This occurred as expected when the cladding was reduced to a few microns above the core of the fiber [25] . Fig. 3 (a) shows a schematic profile of the topology of the side-polished fiber, together with a photographic cross-section image of a polished fiber cleaved perpendicular to the polished surface ( Fig. 3(b) ).
As discussed later in the paper, the profile of the polished region has a significant effect on the attenuation characteristics of the device. The effect of polishing on the fiber was examined directly using an optical microscope and the sequence of photographs are shown in Fig. 3(c) , while Fig. 4 shows a plot of the fiber diameter measured from these photographs as a function of distance along the fiber axis indicating the profile of the polished region.
After polishing the fiber, this was rendered hydrophobic by applying a commercially available water repellent solution (Aquapel Glass Treatment, PPG Industries Inc., USA) to prevent adhesion of water/glycerine to the fiber surface, forming a hydrophobic layer of a few nanometers thickness. During the Fig. 3(a) . The photomicrographs show a gradual reduction of the fiber diameter (decreasing cladding thickness) obtained using a 150 mm diameter polishing wheel. Fig. 4 . Profile of the polishing fiber cladding measured using an optical microscope. Polishing wheel diameter is 150 mm. The figure shows one half of the polished fiber profile. The numbers 1 to 3 refer to Fig. 3(c) .
duration of the experiments, no change in the hydrophobic condition of the substrate was observed.
D. Droplet Translation by Electrowetting Actuation Along the Polished Fiber
Electric fields can induce particularly strong interfacial electric forces on a liquid-gas interface at the vicinity of the contact line, with such forces able to distort the liquid-gas interface. This physical phenomenon is called electrowetting and can be mathematically described by the Lippman-Young equation [26] for a static droplet:
where θ 0 is the zero-voltage contact angle between the droplet interface and the flat microelectrode surface, θ is the contact angle when a voltage is applied to the droplet, C is the capacitance of the dielectric and hydrophobic layers separating the electrode from the liquid, γ LG is the surface tension between liquid and gas phases, and V is the voltage applied between the droplet (through an electrode directly in contact with the droplet) and the electrode resting between the droplet and an insulating layer. This equation is applicable to conductive liquids forming a body upon a solid (typically hydrophobic) interface and characterizes a system where an increasing voltage decreases the contact angle of the droplet, thereby increasing the wettability of the surface. In the particular condition where a linear array of insulated microelectrodes are used, by applying a voltage between any two adjacent electrodes, an aqueous droplet overlapping such electrodes will experience an unbalanced dielectric force that causes the droplet to move towards the region of higher electric field (Fig. 5) .
Exploiting this electrowetting principle in our system, a droplet is moved along the polished cladding of the fiber in a stepwise manner using a series of electrically addressed adjacent microelectrodes (Figs. 2 and 5 ). For this movement to occur in the desired manner, several conditions must be satisfied, which depend mainly on the dimension of the droplet, the electrode size and the magnitude of the applied voltage. First, it is desirable that the droplet remains in a spherical shape during static condition. This can be expressed by defining the balance between gravity and surface tension forces using the Bond number (B o ):
where R is the droplet radius, g = 9.8 m/s 2 is the acceleration due to gravity, ρ is the droplet density and γ LG is the liquid-gas interfacial tension. When B o > 1 the liquid is no longer in a spherical shape and, consequently, can easily spread over the surface of more than 2 electrodes, impacting on the controlled motion of the droplet using the EWOD platform. In addition, when the droplet is in motion, the balance between electrowetting and inertial forces against surface tension forces must be considered. This can be considered through the Weber number (We) and the electrowetting number (η). We is defined as the ratio between inertial and surface force [26] , [27] :
where ρ is the density (glycerine-water solution 93%, 1243 kg/m 3 ), v is the velocity of motion, l is the drop contact radius and γ LG is the surface tension between the liquid and gas phases. η is defined as the ratio between the electric and surface force:
LG (4) where c is the capacitance per unit area of the dielectric layer (F/m 2 ). Typically, when W e < 1.1 droplet breakup does not occur and when η > 1 droplet motion is successfully initiated [26] . The combination of these two conditions ensures the correct droplet motion using the described EWOD platform. In our experiments, B o was ∼0.1, W e ∼ 0.3, and η ∼ 2.0, satisfying all of the above mentioned requirements.
III. THEORETICAL ANALYSIS OF A SIDE-POLISHED FIBER AND EXTERNAL OVERLAY
As discussed in Section II-A, the proposed VOA is a continuous fiber device where an overlay dielectric material (in this case a liquid droplet) is translated along the polished region and the fiber transmission is reduced as more of the evanescent field is exposed to the droplet as a consequence of the reduction in cladding thickness along the polished fiber axis. The fiber is characterized by the core diameter of 8 μm and core refractive index of 1.46. The output power of the fiber can be described through a simple ray optics model giving the fiber transmission as:
where R is reflectivity, η is the number of reflections of the ray at the upper boundary per unit length, and z is the propagation direction (Fig. 6) . The reflectivity for frustrated total internal reflection can be calculated from [28] : 
where s is the remaining cladding thickness and ϕ 21 and ϕ 13 are the phase shifts for the reflection coefficients at the n 2 /n 1 boundary and the n 1 /n 3 boundary respectively, given by [29] :
where 1 , n 2 , n 3 are the refractive indices of the fiber cladding, fiber core, and the external medium respectively, n e is the effective index of the guided mode and k 0 = 2π λ . The effective index of the mode is described by n e = β m k 0 , where β m is the propagation constant.
From the above equations, there are four factors that influence the performance of the VOA: cladding thickness, refractive index, wavelength and contact length between the droplet and the fiber. Hereafter, we will consider the effects produced by these parameters separately as a function of the cladding thickness, where we assume that an infinitely long polished fiber with a cladding of constant thickness is used. According to our model, the presence of a hydrophobic layer (of a few nanometers thickness and refractive index 1.436) on top of the polished fiber surface has a negligible impact on the attenuation level.
A. Contact Length
The attenuation of the light in the fiber can be predicted as a function of the remaining cladding thickness over the polished region and the contact length between the droplet and the fiber. As can be seen in Fig. 7 this contact length between droplet and fiber has a strong impact on the performance of the device, with a longer contact length producing higher maximum attenuation.
B. Refractive Index
The attenuation of the light in the fiber also depends strongly on the refractive index of the external liquid. The droplet used in our device is created from a glycerine/water solution whose refractive index can be adjusted by changing the concentration of glycerine in water. Fig. 8 shows the optical attenuation for various refractive indices of the external medium for a fixed droplet contact length of 1.2 mm. It can be seen from Fig. 8 that the condition for maximum optical attenuation is reached when the refractive index of the droplet matches that of the core (1.46).
C. Wavelength
For practical applications, it is desirable for a VOA to have a broad bandwidth of operation. For the VOA system presented, the theoretical attenuation calculated from equations (6), (7), (8) is wavelength dependent through the k 0 term. However,
λ <3% over the 1520-1560 nm range and therefore the effect on the attenuation will be small as evidenced by the theoretical results shown in Fig. 9 .
D. Cladding Thickness
From the above theoretical equations it can also be noted that the value of the cladding thickness after polishing has a strong impact on the attenuation characteristics of the VOA. For example, as seen in Figs. 8 and 9 , noticeable attenuation only starts when the cladding thickness is reduced to a value less than 2 μm.
E. Profile Shape
The above analysis is based on a droplet moving over a polished cladding of constant thickness. However, in practical applications, this condition will not be easily achieved and the polished profile will depend on the method used for polishing the fiber. Therefore, in addition to the above parameters, the topology of the polished profile of the fiber cladding should also be examined. To illustrate the effect on attenuation due to the profile shape, we consider the examples of a linear, quadratic and polynomial profiles (Fig. 10) along a polished half-length of around 5 mm starting from 6 μm cladding thickness and ending at the thinnest part of the polished fiber (where the polished cladding thickness is close to 0 μm). Fig. 11 shows the attenuation characteristics of the VOA for each of these three profiles shown in Fig. 10 . The linear and quadratic profiles have a low initial sensitivity of attenuation with distance, followed by a rapid change in attenuation with distance as the center of the polished fiber is approached.
The polynomial profile presents instead a quasi-linear decrease in attenuation over distance. Therefore, the polynomial profile could be considered a desirable topology as the droplet displacement over the polished cladding region produces an almost proportional attenuation.
It is clear from the above results that to achieve larger attenuation, one can either increase the polishing depth or increase the contact length between the droplet and the fiber (i.e., by placing a bigger droplet in contact with the polished fiber). However the fiber cannot be polished beyond the thickness of the cladding to avoid exposing the core surface, otherwise the fiber will have a large insertion loss. When the fiber polishing depth is increased then the surface quality has greater impact on the insertion loss as the evanescent field is larger at the polished surface and hence is more sensitive to scattering from the irregularities (i.e., roughness) or contamination on the surface.
IV. EXPERIMENTAL EVALUATION OF FABRICATED VOA
A. Experimental Setup
For the experimental evaluation, two types of fiber were utilized. The first fiber (described as "Fiber 1") was a commercially obtained side-polished fiber acquired from Phoenix Photonics Ltd (U.K.) while the second side-polished fiber (described as "Fiber 2") was produced in-house using the fiber polishing process described in Section II. As stated previously, the polished fiber was placed on the EWOD platform with the polished face perpendicular to the EWOD surface, while the liquid droplet was positioned so that it made contact with the EWOD platform electrodes and the polished fiber cladding. Adjacent electrodes on the EWOD platform were connected to an amplifier (A400, FLC Electronics) connected to a waveform generator (Agilent 3228A) which produced a square wave voltage of frequency 1 kHz that was amplified to an amplitude of 180 V. This voltage waveform was applied sequentially between adjacent electrodes generating step-wise displacement of the droplet along the polished face of the fiber (parallel to the fiber axis) with the steplength determined by the electrode width. The droplet moves from one electrode to the next in a straight line due to the symmetric pattern of the microelectrodes (i.e., the electrowetting force on the droplet has a cancelling effect along the perpendicular direction of motion). If the droplet is initially positioned in contact with the fiber, a moving droplet will remain in contact with the polished surface during its motion. In addition, the droplet size has been chosen (at least four times bigger than the fiber diameter) to account for possible misalignment of the fiber with respect to the electrodes.
The input end of the polished optical fiber was connected to an erbium-doped fiber amplifier (EDFA) which is a broadband light source, while the output end of the fiber was connected to a photoreceiver (LNP-2, Optosci Ltd, U.K.). The voltage output of the photoreceiver was recorded with a PicoScope data logger (Pico Technology Ltd, U.K.) in real time as the droplet moved along the fiber, obtaining a minimum response time of approximately 400 ms in switching the attenuation from one level to the next. The recorded data was uploaded onto a computer for analysis. The refractive index of the single mode fiber core was 1.46. A range of glycerine/water solutions (from 92% to 94% by weight glycerine in water) was prepared which yielded solutions having refractive indices varying from 1.4596 to 1.4606. The refractive index of the droplet used during each experiment was measured with an Atago Master-RI refractometer. Different volumes of droplet were manually dispensed onto the surface of the electrodes close to the start of the polished region of the fiber. The droplet-fiber contact length varied from 0.8 to 1.6 mm when the volume of the dispensed droplet varied from 0.7 μL to 3 μL. To estimate the contact length, the EWOD platform with fiber and droplet was placed under an upright microscope and images were acquired of the droplet making contact with the polished fiber (Fig. 12 ). The contact length was then determined using AutoCad software to analyze the images.
B. Experimental Results
The theoretical analysis of Section III showed the effect of the contact length and droplet refractive index on the achievable optical attenuation. Fig. 13 presents experimental results of how the droplet contact length affected the performance of the VOA. When the contact length increased from 0.8 mm to 1.2 mm, the attenuation also increased as expected. The expectation that the attenuation would continue to increase when the droplet contact length increased from 1.2 mm to 1.6 mm was not observed from the experimental results. This is believed to be due to the sloping profile of the polished region and the ratio of lengths of the polished region and the droplet, resulting in the longer droplet extending into the region of thicker cladding where, as we have shown, there is much lower evanescent wave penetration and optical attenuation. However, as expected, the rate of increase in attenuation over distance is consistently greater for larger droplets (Fig. 13 ). In addition, there is also a trade-off between the number of attenuation steps achievable and the maximum attenuation obtained from the VOA. Wider electrodes on the EWOD platform are needed to move larger (i.e., longer contact length) droplets. Since the "active" length of the polished fiber is fixed, there will be a smaller number of wider electrodes spanning the active length, and it follows that fewer attenuation steps will be obtained. From Fig. 13 it can be seen that there are more attenuation steps produced with the 400 μm electrodes giving a maximum attenuation of 17 dB, while there are fewer attenuation steps produced with the 1000 μm electrodes but a maximum attenuation of 32 dB is achieved.
The theoretical analysis also showed that the VOA performance is highly dependent on the droplet refractive index. The experimental results obtained using droplets of different refractive indices are shown in Fig. 14 . The results for Fiber 1 are obtained with three refractive indices, one below and two above the core refractive index. The highest attenuation was obtained using a droplet of 1.4602 refractive index, thus verifying the theoretical prediction that the maximum attenuation will be achieved when the droplet refractive index is closest to the fiber core refractive index (1.46). Similarly, this droplet refractive index of 1.4602 also produced the highest value of attenuation for experiments performed using Fiber 2. The difference in maximum attenuation obtained from the two fibers is due to the different polished cladding thicknesses. Fiber 2 was determined to have a deeper polished cladding compared with Fiber 1. From Fig. 15 , the maximum experimental attenuation using Fibre 1 was 22 dB corresponding to a theoretical cladding thickness of 0.30 μm, while the maximum attenuation using Fiber 2 was 26 dB corresponding to a theoretical cladding thickness of 0.13 μm.
Following the analytical procedure presented in Section III, we estimated the cladding thickness profile in the "active" region of the fiber from the experimental results. For this, the experimental data was fitted using a numerical least-square algorithm (Fig. 14) .
A good approximation is obtained from a linear fit for the attenuation (A) of the form A(s) = m * x + c, where x is the distance along the fiber, m is slope or sensitivity of the system and c is the intercept. From equations (5) and (6) we can compute the attenuation as a function of the remaining cladding thickness, A(s), and hence, combining this with the linear fit and computing the cladding profile (x as a function of s) from:
Fig . 16 shows the polished cladding profile computed from equation (9) using experimental values of m = −5.66 dB/mm and c = 7.49 dB from Fig. 15 . A comparison of the fitted linear attenuation function with the one derived theoretically using a range of cladding profiles (Figs. 10 and 11) indicates that the fiber used in our experiments will have a cladding profile approaching that of a third order polynomial, thus emphasizing the importance of the cladding profile on the VOA performance.
As noted earlier, a fundamental desirable feature of a VOA is broadband operation, preferably over the telecommunications wavelengths of 1520 to 1560 nm. To investigate its wavelength dependence, our VOA was connected to a broadband EDFA while an optical spectrum analyzer (Agilent 86140B) was used to measure the WDL as shown in Fig. 17 . The WDL for the highest attenuation for Fiber 1 reaches 1.1 dB for a droplet refractive index of 1.4602 which is within the acceptable limits of such a device.
V. CONCLUSION
In this paper, we have presented the fabrication techniques and experimentally validated a theoretical model of a novel in-line broadband optical fiber VOA actuated through droplet electrowetting. It was found that the size and the refractive index of the droplet together with the topology of the polished cladding were important parameters that strongly influenced the attenuator performance. For a droplet of contact length 1.2 mm, the theoretical limit of attenuation was 28 dB and the fabricated device produced an attenuation of up to 26 dB. This attenuation range is more than adequate for many practical applications. Further improvements can be achieved by better control over the profile shape of the polished cladding, environmentally sealing the device, and implementing automatic computer controlled translation of the droplet.
